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Fishmeal (FM) is a major protein source in aquafeed especially for carnivorous species. 
As increasing demand, unstable supply and high price of FM with the expansion of 
aquaculture force to search for alternative protein sources. Plant protein source such as 
defatted soybean meal and corn gluten meal are good candidate for substitution of FM. 
However, those ingredients contain anti-nutrition substance such as phytic acid, and 
also lack in essential nutrient such as taurine.  
In this context, the first study was conducted to determine the effects of taurine, phytase 
and enzyme complex supplementation in a low FM diet. The dietary treatments 
consisted of a control diet (FM 50) based on high quality FM, one negative control diet 
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(FM20) containing 20% FM, formulated with defatted soybean meal and corn gluten 
meal. The other four experimental diets were supplemented with0.2% taurine to the 
FM20 (FT), together with phytase (1000FTU/g) (FTP) or an enzyme complex at a levels 
of 0.05 (FTE0.05) or 0.1% (FTE0.1). These diets fed to juvenile red sea bream (14.3 g) 
for 12 weeks.The enzyme complex contained protease, amylase, xylanase, β-glucanase, 
pectinase, cellulase and phytase. Growth was lowest in the fish fed the FM20 diet, and 
was improved by supplementation with taurine. Additional supplementation with 
phytase further improved the growth, but it was still lower than the growth of the FM50 
diet group. However, the combined supplementation of taurine and the enzyme complex 
improved the growth to that of FM50. Phytase or enzyme complex supplementation 
improved protein digestibility and phosphorus retention. These results showed that 
combined supplementation with taurine and enzyme complex improved the growth 
performance of red sea bream fed low FM diets. 
In the second study, high protein distillers’ dried grains (HPDDG), a co-product of 
bio-ethanol production, was evaluated as a corn gluten meal replacement in low FM 
diets of red sea bream, and the effect of enzyme complex supplementation was also 
determined. 
Six experimental diets were formulated. FM based diet (FM50) containing 50% FM was 
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arranged as a control diet. Diet FM20 containing 20 % of FM was formulated with 
defatted soybean meal and corn gluten meal. In diets DDG10 and DDG20, corn gluten 
meal was replaced partially with HPDDG at two levels (10 % and 20 %). In both diets 
DDG10+E and DDG20+E, taurine and enzyme complex were supplemented to the diets 
except FM50 at a level of 0.2%. These diets were fed to juvenile red sea bream (10g) for 
12 weeks and the growth performance and the digestibility were compared to that of 
high fish meal based diet. 
Growth was lowest in the fish fed the DDG10, and was improved by supplementation 
with enzyme complex. However, increasing level of HPDDG to 20 % enhanced the 
growth performances of fish but could not attain that of the control diet (FM50). On the 
other hand, the group fed the DDG20+E exhibited growth performance comparable to 
that on FM50. Similarly, the digestibility and absorption of protein and minerals were 
improved by enzyme complex supplementation. The result of this study suggested that 
HPDDG might be a good ingredient as a protein source and as a replacement for corn 
gluten meal. The supplementation with an enzyme complex might be also very efficient 
in low FM diet for red sea bream. 
The third study was conducted to evaluate the growth performance, body composition 
and mineral availability of red sea bream fed low FM diet and CPC. FM based diet 
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(FM50) containing 50% FM was designated as a control diet. Diet CPC0 containing 20 % 
of FM was formulated with defatted soybean meal and corn gluten meal and 
supplemented with phytase. In diets CPC 7.5 and CPC 15, corn gluten meal was replaced 
with 7.5% and 15% CPC. Phytase (1000 FTU) and 0.2% taurine were also supplemented 
to all experimental diets except FM50. These diets were fed to juvenile red sea bream 
(average body weight: 4g) for 12 weeks and growth performance were compared to that 
of FM based diet. Growth was lowest in the fish fed CPC0 diet and highest in the control 
diet FM50. Fish fed the CPC 7.5 diet showed better growth performance than fish fed FM 
20 diet. Increasing level of CPC to 15 % significantly enhanced growth performances of 
fish (P < 0.05), but not comparable to that fed FM50 diet. Feed intake showed significant 
improvement when CPC inclusion in diet is 15 % (P < 0.05). The result of this study 
suggested that CPC might be good ingredient for protein source and replaceable for corn 
gluten meal in diets for red sea bream, but incorporation levels should not exceed 15% 
due to reduced growth and condition. 
The fourth experiment was conducted to study the digestibility of HPDDG and CPC in 
the diet of red sea bream. Three experimental diet were prepared FM50 designated the 
reference die, DDG30 and CPC30 the test diet. Results showed that protein and amino 
acids digestibility in HPDDG are high and more digestible than CPC.  
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The fifth and last study was conducted to evaluate the use of CPC and HPDDG for 
substitution of CGM in the diet of juvenile red sea bream. Four experimental diets were 
formulated. All experimental diets contained 20% FM. CGM45 is the control diet 
formulated with 45% CGM. In CGM 15, CGM 10 and CGM0 CPC and HPDDG were 
included on behalf of CGM respectively at the rates of 10, 15, 20% and 15, 20, 
25%.Growth performance results after 8 weeks were best in group of fish fed CGM 10 
followed by CGM 15 and CGM 0. Growth was suppressed in group of fish fed CGM 0 
diet. Results of this study suggest that the best rate of HPDDG and CPC inclusion in red 
sea bream diet are respectively 20% and 15%. 
To summarize; both, enzyme complex and taurine supplementation in low FM based diet 
have positive effect on protein digestibility and phosphorus absorption and can help to 
reduce fish meal proportion in diet and phosphorus discharge. Enzyme complex 
supplementation and HPDDG might help to reduce fishmeal proportion in diet. Up to 
20% and 15%, respectively HPDDG and CPC might be good ingredient for protein 
source and incorporated in red sea bream diet without adverse effects on growth. 
Availability of HPDDG and CPC is higher than CGM for red sea bream Pagrus major. 
The replacement of the majority of FM in red sea bream diets by plant protein seems to be 
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Chapter 1: General introduction 
 
Red sea bream, Pagrus major is very important commercial species in Japan. Currently, it 
is one of the most popular cultured fish species and has experienced a dramatic increase 
in Japan aquaculture. 
In general, red sea bream diets contain high levels of fish meal (FM) as primary protein 
sources. Fish meal is an important source of protein because of its well-balanced profile 
of amino acids, essential fatty acids, digestible energy, vitamins, and minerals 
(Abdelghany 2003); however, researchers have examined numerous alternative protein 
sources due to rising costs, uncertain availability, and environmental impacts associated 
with obtaining and using FM (Jauncey and Ross 1982; Fernandes et al. 1999; Coyle et al. 
2004).  
There are other issues of using plant protein as an alternative to fishmeal besides 
nutritional factor such as the presence of nutrient inhibitors. Plant protein contains anti- 
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nutritional factors such as poor palatability, deficiency in some essential amino acid 
(methionine, lysine, taurine), presence of phytic acid which affect the digestion and 
reduce nutrient availability to fish. However, the effect of some of these anti-nutrients can 
be reduced by amino acids and enzymes supplementation.  
Some of these alternatives include among protein sources that are increasingly available 
for aquaculture feeds are corn co-products such as distillers dried grains (DDG) and corn 
protein concentrate (CPC). 
Distillers dried grains with solubles (DDGS) is predominantly produced as a co-product 
of dry-grind fuel ethanol processing. Several studies reported the successful use of DDGS 
as an alternative protein source in fish feeds without causing negative impact on growth 
performance (Cheng and Hardy, 2004; Coyle et al., 2004; Lim et al. 2007, 2009; 
Robinson and Li, 2008; Thompson et al., 2008; Webster et al., 1991, 1992; Wu et al., 
1994). 
The overall objective of this research is to demonstrate the feasibility of using amino acid 
and corn co-products protein in low fish meal for the red sea bream (Pagrus major). 
Three specific objectives were included to identify the response of red sea bream to 
different treatments: 
1. To evaluate the response of red sea bream to the use of taurine, phytase and the enzyme 
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complex in low fish meal diet. 
2. To evaluate the response of red sea bream to different corn co-product protein sources 
(CPC and DDG) as substitutes for fishmeal.  
3. To evaluate the digestibility of DDG and CPC in the red sea bream diet. 
4. To evaluate the response of red sea bream to different corn co-product protein sources 
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Chapter 2: Literature review 
 
Taurine  
Taurine has not considered to be an essential amino acid because it can be synthesized by 
fish. As in mammals, Yokoyama et al. (1997) demonstrated that rainbow trout 
synthesized taurine from cysteine. In the mammalian system, taurine is synthesized 
through many enzymatic reactions; but the enzyme L-cysteine- sulphinate decarboxylase 
appears to be rate limiting (Jacobsen and Smith, 1968). Activity of this enzyme varies in 
fish depending upon species and size. For example, in the yellowtail, as well in bluefin 
and skipjack tunas, L-cysteinesulphinate decarboxylase activity is not present, whereas in 
Japanese flounder it expresses only low activity (Yokoyama et al., 2001). 
Taurine is typically found in relatively high concentrations in fish meal and animal 
by-products but is almost non-existent in plant meals. Even when all essential amino acid 
requirements met in plant-based diets for carnivorous fish, growth still is often reduced 
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when compared to fish meal-based diets (Gaylord et al., 2006). Therefore, taurine 
supplementation may be required for plant-based diets and indeed, dietary taurine 
additions improve weight gain and feed efficiency in Japanese flounder (Park et al., 2002; 
Kim et al., 2005), as well as in rainbow trout (Gaylord et al., 2006).  
Phytic acid and phytase  
Approximately two-thirds of the total phosphorus in oilseed meals or grains and their 
by-product meals is present as phytic acid (phytate), the main storage form of phosphorus 
in seeds. The bioavailability of phytate phosphorus to fish and to virtually all monogastric 
animals is very low, with reports of phosphorus availability in SBM ranging from 10% 
virtually in oil seed (Riche and Brown 1996) to 22% available (Sugiura et al., 1998). 
Furthermore, phytic acid lowers the availability of certain divalent cations, notably zinc, 
to carnivorous species of fish (trout and salmon) and to omnivorous species (catfish), and 
also has been reported in some studies to reduce the apparent digestibility of protein. 
Low-phytate cultivars of corn, barley, wheat and soybeans have been developed but are 
not widely available as livestock feed ingredients. Microbial phytase is efficient at 
increasing phosphorus bioavailability in soybean and canola meals, and in wheat 
middlings than in whole grains, such as wheat or barley (Cheng &Hardy 2002). Debnath 
et al. (2005a) showed that supplementation with phytase at 500 units per kg feed gave 
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higher weight gain, apparent net protein utilization and energy retention value in 
Pangasius pangasius fingerlings. Liebert & Portz (2005) reported better growth, feed 
conversion ratio, protein efficiency ratio and mineral deposition in juvenile Nile tilapia, 
Oreochromis niloticus fed diets supplemented with microbial phytase. 
Use of enzymes in fish diets 
Applying enzymes in feeds to enhance feed utilization is an idea that has been explored 
well in terrestrial animal feeding and to some extent in aquatic animal feeding. The 
primary purpose of enzyme application in feeds is to improve digestion. It is proposed 
that by providing an extra dose of enzymes, the digestive processes will work better and 
result in improved feed efficiency. Further, aquatic animals lack certain digestive 
enzymes during early development or throughout their life. In the case of larvae lacking 
some enzymes, providing these enzymes give the animals a better chance of thriving on 
feeds. In the case of animals lacking certain enzymes even in adulthood, application of 
these enzymes results in better utilization of nutrient fractions that are digested by the 
enzymes. Direct addition of enzyme-producing microorganisms to diets is an idea that 
has been tested. A number of microbial enzyme products are available in the market at 
present. Almost all of these products are oriented to the livestock market and are 
promoted for use in aquaculture also.  
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High levels of non-starch polysaccharides (NSP) such as cellulose, xylans and mannans 
reduce the nutritive value of many plant ingredients. Intestinal enzymes to digest these 
carbohydrates are not produced by most animals. Ng & Chong (2002) reported that dry 
matter and energy digestibility coefficients of the palm kernel meal in red hybrid tilapia 
improved when supplemented with pure mannanase and a commercial feed enzyme mix 
that included protease, cellulase, glucanase and pectinase. The potential of bacterial 
cellulase supplementation in the digestive tract of fish and pretreatment of plant 
feedstuffs with cellulase producing bacteria has been indicated in some recent studies 
(Saha & Ray, 1998; Bairagi et al., 2002). 
HPDDG 
In response to increased demand for biofuels, the fuel-based ethanol industry has grown 
dramatically, with over 200 ethanol plants in the USA alone producing 54 billion L of 
ethanol in early 2011 (RFA). 2011. A result of this increase in ethanol production has 
been a substantial increase in the amount of distillers dried grains with solubles (DDGS) 
(Rosentrater et al., 2006). DDGS is a valuable, relatively high protein source for animal 
feeds (Wu et al., 1997; Ganesan et al., 2008) that does not contain anti-nutritional factors 
found in other plant protein sources fed to fish (Jauncey et al., 1982; Robinson et al., 
1991). Compared to other corn products, nutrients are more concentrated in DDGS 
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(Chevanan et al 2008). However, in comparison to fish meal, the essential amino acids 
lysine and methionine are present in lower concentrations (Cheng et al.,2004) which may 
require supplementation when DDGS are incorporated into fish feeds. 
Conventional DDGS contains protein levels of approximately 30% (Spiehs et al., 2002). 
However, this value varies substantially, even from batch to batch (Rosentrater et al., 
2006; Belyea et al., 1998; Abo-State et al., 2009). Higher protein distiller dried grains 
(HPDDG) is produced by fractionating the corn and removing the nonfermentable 
fractions prior to ethanol production (Singh et al., 2005), resulting in protein levels 
approximately 50% greater than those of DDGS produced by conventional processing 
(Robinson et al., 2008). HPDDG nutritional values are much more consistent than 
conventional DDGS (Robinson et al., 2008). 
Distiller grain products produced acceptable results when incorporated into salmonids 
diets at low concentrations (Fowler et al., 1976; Hughes, 1987). Dietary DDGS 
concentrations of 15% were used successfully by Cheng and Hardy (2004) when fed to 
juvenile rainbow trout, while concentrations of 22.5% were acceptable with lysine and 
methionine supplementation. However, (Stone et al., 2005) noted that rainbow trout on 
fish meal control diets performed significantly better than trout receiving dietary DDGS. 
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Little research has been conducted on the incorporation of HPDDG into fish diets, 
particularly with red sea bream.  
Corn protein concentrate  
The use of corn products as alternative protein sources in fish diets has been the focus of 
numerous research projects. Corn protein concentrate (CPC) is another high protein 
product that is produced through a series of different extraction and precipitation process 
from high quality dehulled soybeans. By removing most of the oil, water soluble 
non-protein constituents, and many of the anti-nutritional factors, a variety of high 
protein products with varying characteristics can be produced. There is approximately 
65% crude protein in corn protein concentrate (CPC) which is similar to level found in 
fish meal with a comparable nutrient content in terms of protein in comparison to fish 
meal which has a more optimal nutrient profile but higher price. Corn is defcient in lysine 
compared with other grains and oilseeds, and in fish diets lacking protein ingredients 
produced from fish or animal/poultry by-products, lysine is nearly always the first 
limiting amino acid. Thus, fish diets cannot be formulated to be amino acid sufficient 
when corn gluten meal is a major constituent unless supplemental lysine is provided.  
Although the use of plant protein concentrate in aquatic feed has been reported in many 
fish and shrimp species (Tibaldi et al., 2006; Refstie et al., 2001; Forster et al., 2002; 
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Paripatananont et al., 2002; Mambrini et al., 1999; Storebakken et al., 1998; Kaushik et 
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Chapter 3: Effects of Taurine, Phytase and Enzyme Complex 
Supplementation to Low Fish meal Diets on Growth of Juvenile Red 
Sea Bream Pagrus major 
 
Abstract 
The effects of taurine, phytase and enzyme complex supplementation in a low fish meal 
dietwere investigated in juvenile red sea bream (14.3 g) for 12 weeks. The dietary 
treatments consisted of a control diet (FM 50) based on high quality fish meal, one 
negative control diet (FM20) containing 20% fishmeal, formulated with defatted 
soybean meal and corn gluten meal. The other four experimental diets were 
supplemented with0.2% taurine to the FM20 (FT), together with phytase (1000FTU/g) 
(FTP) or an enzyme complex at a levels of 0.05 (FTE0.05) or 0.1% (FTE0.1).The 
enzyme complex contained protease, amylase, xylanase, β-glucanase, pectinase, 
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cellulase and phytase. Growth was lowest in the fish fed the FM20 diet, and was 
improved by supplementation with taurine. Additional supplementation with phytase 
further improved the growth, but it was still lower than the growth of the FM50 diet 
group. However, the combined supplementation of taurine and the enzyme complex 
improved the growth to that of FM50. Phytase or enzyme complex supplementation 
improved protein digestibility and phosphorus retention. These results showed that 
combined supplementation with taurine and enzyme complex improved the growth 



















Plant proteins have been widely used in fish feeds in order to avoid the availability and 
quality issues, and costs oscillations associated with fishmeal (FM). Soybean meal (SM) 
and corn gluten meal (CGM) are the most interesting of the plant proteins due to their 
abundance and relatively low cost. However, the use of plant protein meal in red sea 
bream diets is often limited because of the presence of phytic acid and other 
anti-nutritional factors, resulting in poor palatability, deficiency in some indispensable 
amino acidssuch as taurine, methionine, and lysine and other undesirable characteristics 
which may affect the growth of fish (Fowler, 1980; Lee et al., 1991). 
 It is reported that taurine synthesis ability is limited in red sea bream (Matsunari et 
al. 2008). Taurine supplementation improved weight gain and feed efficiency in Japanese 
flounder Paralichthys olivaceus (Park et al. 2002; Kim et al. 2005), yellowtail Seriola 
quinqueradiata (Takagi et al. 2006) as well as in red sea bream (Matsunari et al. 
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2008).The presence of phytic acid is another major problem associated with the use of 
plant proteins. Most plant protein sources used in fish diets contain phytic acid in the 
range of 5 to 30 g kg−1 (Reddy 2002) and more than 70% of the total phosphorus is 
bound to phytate and is not available to fish  (Lall 1991; Lim and Lee 2008). The 
availability and digestibility of phytic acid in monogastric animals, including fish, is 
very limited due to the lack of intestinal phytase (Pointillart et al. 1987); this phytate 
bound-phosphorus is excreted into the environment causing pollution. The addition of 
phytase in diets containing plant protein sources has been reported to improve the 
utilization of plant phosphorus in fish diets (Rodehutscord and Pfeffer 1995; Li and 
Robinson 1997; Forster et al. 1999; Robinson et al. 2002, Debnath et al. 2005; Biswas et 
al. 2007).  
Exogenous enzymes have been used extensively throughout the world as 
additives in animal diets. The use of these exogenous enzymes has been shown to affect 
the digestibility of nutrients, including protein, carbohydrates and minerals (Forster et al. 
1999). In addition, supplementation with enzymes can help to eliminate the effects of 
anti-nutritional factors and improve the utilization of dietary energy and amino acids, 
resulting in improved fish performance (Farhangi and Carter 2007; Lin et al. 2007; 
Soltan 2009). The effects of enzyme supplementation on the growth and survival of 
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several cultured fish species have been demonstrated by several researchers; channel 
catfish Ictalurus punctatus (Jackson et al. 1996), Pangasius pangasius (Debnathet al. 
2005), Clarias batrachus x Clarias gariepinus (Giriet al. 2003), Nile tilapia 
Oreochromis niloticus (Drew et al. 2005) and Atlantic salmon Salmo salar (Refstie et al. 
1999) but, there are few published reports on the effect of adding enzymes to diets for 
red sea bream on feed utilization, growth performance and mineral utilization. 
 The objective of this study was to investigate the effect of feeding low FM diets 
supplemented with taurine, phytase and enzyme complex on the growth performance of 
red sea bream. 
Materials and methods 
Feed formulation 
 Six test diets of equivalent protein content were prepared for this study (Table 1). 
Anchovy meal was the main protein source (50%) for the control diet (FM50).Diets 
FM20, FT, FTP, FTE0.05 and FTE0.1 were formulated to contain 20% fishmeal. FM20 
was designated as the negative control diet. Diet FT was similar to FM20 but was 
supplemented with 0.2% of taurine. FTP, FTE0.05 and FTE0.1 were supplemented with 
phytase (1000 FTU/kg diet), 0.05% and 0.1% enzyme complex respectively to diet FT. 
 The enzyme complex used in this experiment was in powder form and 
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produced by solid-state fermentation (SSF) using a selected strain of (non-GMO) 
Aspergillus  niger (Alltech Inc, Kentucky, USA). It contains protease, amylase, 
xylanase, β-glucanase, pectinase, cellulase and phytase. 
In order to prepare diets, ingredients were mixed for 30 min in a food mixer 
(ACM-50 L1.AT, Aikohsha mfg., Tokyo, Japan). Then, Pollock liver oil was added and 
mixed for 15 min. Finally, deionized water (30% of the dry weight of ingredients) was 
added and again mixed for 15 min prior to pelletizing by a meat chopper (OMC-22B; 
Ohmichi Sangyo., Tokyo, Japan). Pellets were dried in a vacuum freeze drier (REL-206, 
Kyowa Vacuum Tech. Co. Ltd., Tokyo, Japan) to obtain approximately a 5% moisture 
level. After preparation, diets were stored in a cold room (5°C) until use. 
Culture conditions, fish and feeding  
 Experimental protocols followed the ethical standards of animal use for 
scientific research approved by the Science Council of Japan. Red sea bream (average 
weight 14.3 g) were obtained from a local Japanese fish farm (Marua Suisan, Ehime, 
Japan), counted into groups of 25 fish per tank, and placed in 12 tanks (60 L) supplied 
with artificial seawater (30 ppm), with two tanks assigned to each diet. The feeding trial 
was conducted using re-circulated artificial seawater (Sea Life®, Tokyo, Japan) at a flow 
rate of 700-800ml min-1. The average daily water temperature was 26 ± 1.13°C. The fish 
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were fed three times a day near satiation for 12 weeks. 
Sample collection and chemical analyses 
 A pooled sample of 20 fish at the beginning of the experiment was stored at 
−20 °C for whole body analyses. At the end of the feeding trial, fish were anesthetized 
and then, individual body weights offish from each tank were recorded. Five fish from 
each replicate tank was randomly collected, pooled and minced by a centrifugal mill 
(Retsch ZM 2000,Retsch GmbH, Haan, Germany) fitted with a 0.25-mm screen. The 
homogenate was stored at −20 °C for final whole body analysis. 
A digestibility trial was conducted at the end of the feeding period by pooling the 
remaining fish from the same treatment. The TUF (Tokyo University of Fisheries) 
column system was used for feces collection (Satoh et al. 1992). The fish were fed a diet 
containing chromium oxide (Wako Pure Chemical Industries, Ltd., Osaka, Japan) as the 
inert marker at a level of 0.5% under the same conditions as the feeding experiment with 
the exception of the difference in stocking density. After feeding, uneaten feed was 
siphoned out and the feces collector was installed an hour later. Feces were freeze-dried 
and kept at-20 °C until analysis. Concentration of chromium oxide in diets and feces was 
determined according to Furukawa and Tsukahara (1966). 
Analyses of crude protein, moisture and ash were determined by standard 
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methods (AOAC 1995). Total lipids were extracted from samples using a mixture of 
chloroform and methanol (2:1) and determined as described by Folch et al. (1957).The 
digestion of the samples for mineral analyses was conducted with nitric acid using the 
MLS-1200 Mega Microwave (Milestone, Sorisole, Italy).Phosphorus concentration was 
analyzed using a spectrophotometer (UV-256, Shimadzu Corp., Kyoto, Japan) at a 
wavelength of 750 nm.  
Statistical analysis 
Results were analyzed by one-way ANOVA (Systat 8.0, SPSS, Chicago, USA). 
Differences between treatments were compared by Tukey’s test. Values were considered 
significant at P<0.05. 
Results 
Growth performance 
The feed intake (FI) and growth performance of juvenile red sea bream are 
summarized in Table 2. At the end of the twelve weeks feeding trial, juvenile weight gain 
ranged from 36 to 60 g (Table 2). The lowest growth parameters were observed in the 
group fed FM20. Final body weight (FBW), weight gain (WG), specific growth rate 
(SGR) and feed conversion rate (FCR) were not significantly improved in FT and FTP 
(Table 2, P> 0.05). On the other hand, FBW, WG, SGR and FCR of fish fed FT and 
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FTE0.05 diets significantly improved and reached the growth of the fish fed FM50 (Table 
2, P<0.05). The effect of FTE0.1 on FBW, WG, and FCR was significantly lower than 
FTE0.05 (Table 2, P<0.05). 
Feed intake (FI) was depressed when fish were fed FM20; however, the FT and FTE 
increased the feed intake reaching the same level as fish fed the 50% FM without any 
significant difference.  FTP also significantly improved FI compared to FM20 (Table 2, 
P< 0.05). 
Proximate composition  
Moisture content in the whole body was significantly different among dietary 
treatments (Table 3); the value was lowest in the group fed FM50 compared to the other 
groups. In contrast, whole body lipid content was significantly higher in the groups of fish 
fed FM50, FM20 and FTE0.1 than groups fed FT, FTP and FTE0.05 (P<0.05, Table 
3).The FTP and FTE fed fish significantly increased whole body ash and phosphorus 
content (P<0.05, Table 3).The groups fed FM50 and FTE0.05 exhibited significantly 
higher whole body crude protein compared to the groups fed FM20, FT, FTP and FTE0.1 
diets (P<0.05, Table 3). Protein efficiency ratio (PER) in FM50 group was significantly 
higher than the other groups except FTE0.05 group (P< 0.05, Table 5). In contrast, PER 
in FM20, FT, and FTP were significantly lower than the other groups (P<0.05, Table 5). 
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For nitrogen retention, no significant difference was observed in FM50 and FTE0.05 
groups (P> 0.05, Table 5). Nitrogen retention in FM20, FT and FTP were significantly 
lower than the other groups except FTE0.1 group (P<0.05, Table 5). Taurine content in 
the whole body ranged from 0.22mg/100g DM to 0.53 mg/100g DM. It was lowest in the 
group of fish fed FM20 and was significantly increased in the control (FM50),FT, FTP 
and FTE groups (P<0.05, Table 3). Furthermore, significantly higher level of taurine was 
observed in fish fed FTE0.05 compared to FM20, FT, and FTP (P<0.05, Table 3) 
Phosphorus budget 
Phytase and enzyme complex supplementation to diets significantly increased the 
phosphorus content in the whole body as well as phosphorus retention (Tables 3 and 
4).Phosphorus retention was significantly lower in FM50 group than the other groups 
(P<0.05, Table 4). Phosphorus retention of FM20 and FT groups were significantly lower 
than FTP and FTE groups (P<0.05, Table 4). Estimated phosphorus loading was 
significantly higher in FM50 group than the other groups (P<0.05, Table 4). Significantly 
greater estimated phosphorus loading was observed in FM20 and FT groups than FTE 
groups (P< 0.05, Table 4). 
Digestibility 
All diets used in this experiment had similar levels of crude protein, however, marked 
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differences were observed in the levels of dietary digestible protein. Protein digestibility 
ranged from 82% to 95%, and groups fed FTP and FTE showed the highest levels of 
digestible protein (Table 5). Phosphorus absorption increased by enzymes 
supplementation (Table4), varying from 50%~63% and showed a similar trend as protein 
digestibility. 
Discussion 
The depression of growth parameters observed in fish fed the negative control diet 
FM20 in which 60% of FM was replaced by plant proteins was probably due to the 
presence of anti-nutritional factors in soybean meal and corn gluten meal (Vaintraub 
and Bulmaga 1991; Liener 1994) and the low level of taurine in the diet.  This finding 
was in line with that of previous studies that have shown considerable growth 
depression in partial replacement of fishmeal with plant protein in red sea bream 
(Takagi et al. 1999, 2000a, 2000b). 
The growth performance and feed utilization of red sea bream fed the FT and 
FTP diets were inferior to those fed the control diet (FM50), suggesting that fish fed 
taurine supplemented low fish meal diet with or without phytase did not utilize the 
dietary protein as efficiently as fish fed FM50. Although growth performances of the 
fish fed the FT diet did not reach the level observed in the group fed FM50, they were 
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elevated over those not supplemented with taurine. Supplementation with taurine led a 
higher whole body taurine level in fish. These results agree with previous findings that 
taurine is necessary for the growth of red sea bream (Matsunari et al. 2005; Takagi et al. 
2005).  
 FTP significantly increased the SGR and FI compared to fish fed FM20. These 
results are similar to the previous finding that the addition of phytase at 1000 
FTU/kgdiet enhanced the growth performances of red sea bream (Biswas et al.2007). 
An improvement in growth performance of fish fed phytase-supplemented diets has 
been previously reported in rainbow trout (Rodehustcord and Pfeffer 1995), channel 
catfish (Jackson et al.1996), striped bass Morone saxtilis (Papatryphon et al. 1999) and 
parrot fish Oplegnthus fasciatus (Lim and Lee2009). The improved growth performance, 
whole body phosphorus content and retention of fish fed phytase supplemented diets 
(FTP and FTE) implies that dietary phytase could degrade the phytate and improve the 
utilization of phosphorus. This could be explained by the increasing ash and phosphorus 
contents observed in the fish whole body fed diets supplemented with phytase and 
enzyme complex (FTP and FTE).Similar findings were also reported in other fish 
species such as rainbow trout and channel catfish (Yan and Reigh 2002; Vilema et al. 
2002). Higher phosphorus retention was found in FTP compared to none phytase 
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supplemented groups (Table 4). A significant reduction in the estimated phosphorus 
load was also observed in the group fed the FTP diet. These observations can be 
attributed to the activity of phytase in the dephosphorylation of the phytic acid and 
phytate phosphorus to increase the phosphorus availability (Rodehutscord and Pfeffer 
1995; Storebakken et al. 1998). Higher phosphorus retention and lower phosphorus load 
confirmed that phytase supplementation (1000 FTU per kg diet) was effective in 
improving phosphorus utilization in plant protein-based diets and suggest that phytase 
supplementation in plant based diets could improve water quality in fish farming sites.  
Growth responses of red sea bream fed enzyme complex and phytase 
supplemented diets were strongly related to enhanced feed intake. This indicates that the 
enzymes promoted feed intake in this group of fish, suggesting that they were effective 
in resisting the anti-nutritional effect of plant protein and increased growth. However, it 
is unclear the mechanism of improving the feed intake in fish fed diets supplemented with 
enzymes. However, there are two possible explanations. One is enhancement of 
palatability of the diets by free amino acids generated by protease and phytase activities 
in dietary enzyme complex. It was reported that phytase liberates free amino acid 
chelated in phytate (Rodehutscord and Pfeffer 1995; Storebakken et al.1998). Protease 
can also digest dietary protein and produce free amino acids. These amino acids produced 
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by protease and phytase could enhance palatability of the diets (Carr et al. 1996) and 
resulted in higher feed intake in fish fed the diets supplemented with enzyme complex. 
Another explanation is higher digestibility of nutrients in the diet. In the present study, 
higher digestibility of dietary protein and phosphorus in fish fed diets supplemented with 
enzyme complex was observed. Debnath et al. (2005) reported that the apparent protein 
digestibility of diets was significantly improved by enzyme supplementation, suggesting 
the properties of phytate to form phytate–protein complexes that are resistant to 
proteolytic digestion. It is assumed that higher digestibility of dietary nutrients could lead 
faster gut passage of ingested feed. It was suggested that return of appetite is strongly 
correlated with rate of gastric evacuation of ingested food in fish (Grove and Crawford 
1980; Huebner and Langton 1982; Lee et al. 2000). Faster digestion of ingested food 
could potentially promote feed intake of fish. The addition of exogenous enzymes to 
aquafeed has been reported to enhance the digestion of indigestible ingredients in some 
species of fish such as Altantic salmon (Carteret al. 1994), black tiger shrimp Penaeus 
monodon (Buchanan et al. 1997), and silver perch Bidyanus bidyanus (Stone et al. 2003). 
Elucidation of detailed mechanism of enhancing feed intake by supplementation of 
enzyme complex should be a subject of a future study.  
 Although this study is not designated to elucidate dose dependent effect of 
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enzyme complex, the effect of enzyme complex seems to depend on its dose; 
significantly greater effect of enzymes on growth (FBW, and WG) and P loading was 
observed in FTE0.05 group than FTE0.1 group. It is unclear why higher dose of enzyme 
complex was less effective. However, Biswas et al. (2007) also suggested that higher 
dose of phytase was less effective for improvement of P utilization. These results suggest 
that there is optimal dose of dietary enzyme to improve feed performance of the diets.  
The results of the present study demonstrated that dietary enzyme complexes have the 
potential to improve the nutritive value of SBM and CGM in the diets for red sea bream. 
Supplementing a low FM diet with an enzyme complex and taurine in feed for red sea 
bream has a positive effect on fish growth and feed efficiency. The inclusion level of an 
enzyme complex at 0.05 % might be sufficient to ameliorate fish growth and feed usage. 
Therefore, the usage of enzymes can help to reduce fishmeal levels in feed and reduce 
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Appendix for Chapter 3 
Table 1: Formulation and composition of experimental diets (%) 
Ingredients  FM50 FM20 FT FTP FTE 0.05 FTE 0.1 
Anchovy meal 50 20 20 20 20 20 
Defatted soybean meal - 18 18 18 18 18 
Corn gluten meal 5 23 23 23 23 23 
Fish oil  5 5 5 5 5 5 
Soybean oil 5 7.4 7.4 7.4 7.4 7.4 
Wheat flour 
 
15 10 10 10 10 10 
Taurine - - 0.2 0.2 0.2 0.2 
Phytase (IU/g) - - - 1000 - - 
Enzyme complex - - - - 0.05 0. 1 
Cellulose 7.4 4 3.8 3.78 3.75 3.7 
Ca (H2PO4)2 1 1 1 1 1 1 
Others* 9.6 9.6 9.6 9.6 9.6 9.6 
Proximate composition %       
Taurine 0.31 0.14 0.31 0.35 0.32 0.31 
Protein 41.3 41.7 41.3 41.1 41.1 41.2 
Lipid 14.4 16 15.8 16.1 15.7 16.4 
Ash 8.9 6 5.8 5.4 5.2 6 
Phosphorus 1.48 0.87 0.81 0.81 0.80 0.82 
Moisture 5.3 5 6.4 5 4.5 5 
*Others: ** Vitamin premix(3%), ***Mineral premix (1%); Vitamin E (0.1%); Choline chloride (0.5%), (1%), 
pre-gelatinisedstarch (5%) 
*
 Vitamin premix composition (unit.kg-1): vitamin A, 2,420,000 IU; vitamin E, 1,000 mg; vitamin D3, 
2,420,000 IU; vitamin K3, 6,050 mg; thiamine, 3,025 mg; riboflavin, 3,630 mg; pyridoxine, 2,420 mg; 
cyanocobalamine, 6.0 mg; L-ascorbic acid, 368,902 mg; nicotinic acid, 24,200 mg; D-pantothenic acid, 
6,050 mg; inositol, 121,000 mg; d-biotin, 363 mg; folic acid, 908 mg; para-aminobenzoic acid, 3,025 mg; 
choline chloride, 5,000 mg 
**Mineral premix composition (%): sodium chloride, 5.0; magnesium sulfate, 74.5; iron (III) citrate 
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n-hydrate, 12.5; trace element mix, 5.0; cellulose, 3.0. (The trace element mixture contains (%): zinc sulfate 
heptahydrate, 35.3; manganese sulfate, 16.2; copper (II) sulfate pentahydrate, 3.1; aluminium chloride 




Table 2  Growth and feed performance of red sea bream fed experimental dietsfor 12 weeks * 
 IBW(g)1 FBW(g)2 WG(g)3 SGR (%)4 FI (g /fish)5 FCR6 
FM 50 13.8±0.10 71.5±6.7a 57.7±6.7a 1.96± 0.10a 64.7± 7.8a 1.12±0.01a 
FM 20 13.9±0.10 49.8±2.9c 35.9± 3.0c 1.52±0.08b 46.6± 4.7c 1.30±0.02c 
FT 14.8± 0.60 55.2± 2.0bc 40.4± 3.0bc 1.57± 0.09b 51.2±2.3bc 1.27± 0.03bc 
FTP 14.3± 0.50 59.7± 0.5bc 45.4± 0.2bc 1.70±0.04ab 56.6±0.2b 1.25±0.00bc 
FTE 0.05 14.6± 0.05 74.5± 1.0a 59.9±1.0a 1.94±0.02a 69.6±2.2a 1.16±0.02 a 
FTE 0.1 14.0± 0.25 67.8± 3.5b 53.7± 3.2b 1.87±0.04a 64.9±3.2a 1.21±0.01b 
*Values (means±S.D.) in a column not sharing the same superscript letters are significantly different 
(P<0.05). 
1
 Initial body weight; 2Final body weight; 3Weight gain; 4Specific growth rate=100×(ln final body 





Table 3 Proximate composition of red sea bream after 12 weeks (%)* 
 
 
Protein Lipid Moisture  Ash  P (mg/g)1 Taurine 
FM 50 18.18±0.1
a 10.01±0.1a 65.6± 1.5b 4.18± 0.1a 3.87±0.07c 0.44±0.01ab 
FM 20 16.53±0.1
d 9.94±0.1a 67.5± 0.4ab 3.61± 0.1b 4.14±0.15b 0.22±0.02c 
FT 17.63±0.2
b 9.01±0.1b 68.3± 0.1c 3.64± 0.1b 3.90±0.03c 0.45±0.03b 
FTP 17.15±0.0
c 8.64±0.2b 69.2± 0.1bc 3.89± 0.0a 4.77±0.04a 0.44±0.02b 
FTE 0.05 18.28±0.1
a 8.97±0.1b 68.1±0.1ab 3.92± 0.0a 4.62±0.08a 0.51±0.01ab 
FTE 0.1 17.68±0.0
b 9.97±0.2a 67.6±0.1a 3.83± 0.1a 4.60±0.01a 0.53±0.01a 
*Values are presented as means±S.D. (n=pooled samples of 5 fish/ tank). Means in a column not sharing the 













1Pabs (%) = {1 - [(%Cr2O3feed) x (%Pfeed) / (%Cr2O3 feces) x (%Pfeed)]} x 100. Statistical analysis was not 
applied because of no replication. 
2Pret (%)={(Final P content−initial P content)/ P intake}x100.Values are presented as means ± S.D(n=2). 
Means in a column not sharing the same superscript letters are significantly different (P<0.05). 
3Ploa (kg t -1)=[(FCR×P (g)−P retained in fish (g))/production (t)]×1000.Values are presented as means ± 
S.D. (n=2 ). Means in a column not sharing the same superscript letters are significantly different (P<0.05). 
  
 Pabs(%)1 Pret (%)2 Ploa(Kg t -1) 3 
FM50 49.1 17.6± 0.4c 13.6±0.1d 
FM20 55.4 25.7±3.3b 8.36±0.2c 
FT 53.1 24.9±0.2b 7.71±0.2c 
FTP 63.3 40.8±1.2a 5.97±0.1ab 
FTE 0.05 59.7 42.8±0.3a 5.33±0.1b 




Protein efficiency ratio and nitrogen retention and digestibility by red sea bream fed experimental 







1PER= Weight gain / protein fed, Values are presented as means ± S.D. (n= 2). Means in a column not 
sharing the same superscript letters are significantly different (P<0.05). 
2NRet (%)={(Final N content – initial N content)/ N intake}x100.Values are presented as means ± S.D. (n=5 
fish/ treatment). Means in a column not sharing the same superscript letters are significantly different 
(P<0.05). 
3Ndig (%) = {1 - [(%Cr2O3feed) x (%Nfeed) / (%Cr2O3 feces) x (%Nfeed)]} x 100. 
Statistical analysis was not applied becuase of no replication  
 
 
 PER1 Proteinret (%)2 Proteindig (%) 3 
FM50 2.16±0.1a 35.0±0.19 a 86.2 
FM20 1.86±0.03c 30.2±0.54c 82.3 
FT 1.93±0.04c 31.4±0.61bc 82.4 
FTP 1.92±0.01c 31.2±0.01bc 92.4 
FTE 0.05 2.10±0.03ab 33.9±0.47 a 94.9 
FTE 0.1 2.04±0.02b 33.0±0.30ab 93.9 
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Chapter 4: Dietary inclusion of high protein distiller’s dried grain and 
enymes in low fish meal diet for red sea bream (Pagrus major)- Effects 




The effect of HPDDG and the enzyme complex in the diets for red sea bream on growth 
performance, body composition and excretion was investigated. A 12 week feeding trial 
was conducted using duplicate group of juvenile red sea bream (Pagrus major) with 10g 
initial weight kept in seawater. The dietary treatments consisted of basal diet FM50, 
HPDDG0 as a negative control containing low fish meal and four diets contained either 
10 % or 20 % HPDDG, and either with or without the enzyme complex. 
The growth performance and the feed utilization efficiency of fish fed HPDDG20 were 
not significantly different from fish fed HPDDG0 diet (P<0.05). Fish fed diet including 
20% HPDDG and supplemented with the enzyme complex showed significantly higher 
growth and feed utilization and phosphorus digestibility when compared to fish fed 
HPDDG0 and HPDDG10. 
In conclusion, HPDDG was shown to be a promising new protein ingredient for red sea 
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bream and, when supplemented with the enzyme complex, could be incorporated at least 
at 20% in the red sea bream without any adverse effect on growth performance or carcass 



















Red sea bream, Pagrus major, is one of the most important commercial species for 
aquaculture in Japan. Fish meal (FM) supplies the largest part of dietary protein for red 
sea bream culture. Alternative, cheaper and more readily plant protein sources have been 
studied intensively to replace FM. 
Soybean meal (SBM) and corn gluten meal (CGM) are currently the most commonly 
used plant protein source in fish feeds. Replacement of plant protein with less expensive 
protein sources would be beneficial in reducing feed cost. Dried distiller’s dried grain 
with soluble (DDGS), a co-product from yeast fermentation of grain for ethanol industry, 
has relatively high protein content (30% crude protein) (Chevanan et al, 2009) without 
the presence of antinutritional factors commonly found in most plant protein sources. 
If the bran, pericarp fiber, and germ are removed from corn fermentation of the 
endosperm, the result is a co-product named high protein dried distiller’s dried grain 
(HPDDG) which is 50% greater in crude protein compared to conventional DDGS. 
Ethanol co-products have been reported to be good protein source for several fish species 
rainbow trout (Cheng and Hardy 2004; Barnes et al, 2012), yellow perch  (Schaeffer et 
al, 2011), tilapia ( Abo-state et al,2009; Schaeffer et al, 2009; Coyle et al,2004). 
High protein dried distiller’s dried grain(HPDDG), an ethanol byproduct, has been 
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reported to be good feed ingredients for poultry (Applegate et al, 2009; Jacob et al. 
2008; Xu and Zhou 2010) and aquatic species rainbow trout.  In previous chapter we 
reported that red sea bream diet containing plant protein may benefit from the addition 
of enzyme complex. 
To our knowledge, no information is available on the use of HPDDG in the diet of red 
sea bream. In addition, no research has been conducted on the use of enzyme complex 
in diet containing HPDDG. Therefore, the aim of this work was to evaluate the effects 
of inclusion of HPDDG, supplemented with enzyme complex, in juvenile red sea bream 
diets. 
2. Material and methods 
2.1. Ingredients, diet formulation and preparation 
The dietary treatments consisted of a positive control diet based on high-quality fish meal 
(FM50), a negative control diet containing 20% FM (FM20), and four experimental diets 
containing HPDDG (DDG 10 and DDG 20 containing respectively 10% and 20% of 
HPDDG and respectively supplemented with 0.05% enzyme complex. All diets were 
formulated to be grossly isonitrogeneous (41%) and isolipidic (15%). For digestibility 
trial all diets were supplemented with Cr2O3 as indigestible marker. Composition of FM, 
CGM and HPDDG is given in Table 1, while the formulation and composition of diets are 
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given in Table 2. 
2.2 Experimental condition, fish and feeding 
Experimental protocols followed the ethical standard for animal use for scientific 
research approved by Science Council of Japan. Red sea bream (average weight 10 g) 
were obtained from a local Japanese fish farm, counted into groups of 25 fish per tank, 
and placed in 12 tanks (60 L) supplied with artificial seawater (30 ppm), with two tanks 
assigned to each diet. The feeding trial was conducted in re-circulated artificial seawater 
(Sea Life®, Tokyo, Japan) at a flow rate of 700-800 ml min-1. Average daily water 
temperature was 26 ± 1.13°C. The fish were fed three times a day near satiation for 12 
weeks. 
2.3 Sampling and chemical analysis 
A pooled sample of 20 fish at the beginning was stored at −20 °C for whole body analyses. 
At the end of the feeding trial fish were anesthetized, then, individual body weight of fish 
from each tank was measured. A pooled sample of five fish from each replicate tank were 
randomly collected and minced by a centrifugal mill (Retsch ZM 2000,Retsch GmbH, 
Haan, Germany) fitted with a 0.25-mm screen. The homogenate was stored at −20 °C for 
final whole body analysis. 
A digestibility trial was conducted at the end of the feeding period by pooling the 
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remaining fish from the same treatments. The TUF (Tokyo University of Fisheries) 
column system was used for feces collection (Satoh et al., 1992). The fish were fed a diet 
containing chromium oxide (Wako Pure Chemical Industries, Ltd., Osaka, Japan) as the 
inert marker at a level of 0.5% under the same condition as the feeding experiment apart 
from the difference in stocking density. After the last feeding, uneaten feed was siphoned 
out and the feces collector was installed an hour later. Feces were freeze-dried and kept at 
-20 °C until analysis. Concentration of chromium oxide in diets and feces was determined 
according to Furukawa and Tsukahara (1966). 
Analyses of crude protein, moisture and ash were determined by standard methods 
(AOAC, 1995). Total lipids were extracted from samples using chloroform: methanol 
(2:1) and determined as described by Folch et al. (1975). The digestion of the samples for 
mineral analyses was conducted with nitric acid using the MLS-1200 Mega Microwave 
(Milestone, Sorisole, Italy). Phosphorus concentration was analyzed using a  
spectrophotometer (UV-256, Shimadzu Corp., Kyoto, Japan) at a wavelength of 750 nm. 
2.4 Statistical analysis 
Results were analyzed using one-way ANOVA (Systat 8.0, SPSS, Chicago, USA). 
Differences between treatments were compared by Tukey test. Values were considered 




Overall, the specific growth rate (SGR) ranged from 2 to 2.4(%/day), while the feed 
conversion ratio (FCR) and Feed intake (FI) varied respectively between 1.3 and 1.6 and 
74.7 to 86.3 g (Table 4). 
FM 50 diet showed the highest values (P <0.05) of FBW (76.4 g), FI (86.3 g), FCR (1.3) 
and SGR (2.4% day-1). Meanwhile, the group of fish fed HPDDG10 diet recorded the 
lowest values (P<0.05) of FBW (58.4), WG (47.6) and SGR (2.02% day-1). Significant 
differences were found in weight gain, feed intake, feed conversion ratio, specific growth 
rate and protein efficiency ratio when the inclusion level of HPDDG was increased from 
10% to 20% with and without the enzyme complex (Table 2). Increasing the dietary 
HPDDG to 20% as well as supplementing the diets with the enzyme complex affected 
significantly the SGR, FCR and FI. 
There were no significant differences among the values of SGR, FCR, FI and WG of fish 
fed diets containing various levels of HPDDG. However, there appeared to be a trend of 
improving of SGR, FCR, FI and WG with increasing level of HPDDG. The latter 
parameters, were nearly identical in the diets containing 20 % HPDDG compared to the 
group of fish fed corn gluten meal and proved that HPDDG could replace 45 % of CGM 
without adverse effects on growth in the red sea bream diet. 
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The enzyme complex supplementation had significant effects on growth performances 
parameters (Table 4).  As the replacement level of HPDDG increased the growth 
performance of red sea bream improved.  There were not significant differences in 
whole body moisture, crude protein, and crude fat between treatment groups (Table 5). 
Phosphorus Budget is shown in Table 6.  The whole body phosphorus concentration of 
the fish at the end of the trial ranged from 4.4 to 6.89 (mg g-1). Compared to the initial 
whole body phosphorus concentration of 4.8, the phosphorus concentrations of the fish at 
the end of the trial varied significantly with the enzyme complex supplementation (Table 
5). The P concentration was significantly lower in fish fed HPDDG0, 10 and 20 (ranging 
from 4.38 to 4.96 mg g-1 ) than in fish fed FM50, HPDDG 10 and 20 +E (ranging from 
5.41 to 6.89 mg g-1).Ng et al (2002) reported that pretreated palm kernel meal with 
enzyme significantly improved growth, feed utilization efficiency and nutrient 
availability. The whole body TP varied significantly with the HPDDG inclusion as well 
as with the enzyme complex supplementation (Table 5). 
Phosphorus retention varied from 27% to 44% and was significantly higher in fish fed 
HPDDG supplemented with the enzyme complex (Table 6) and HPDDG inclusion.  
Phosphorus absorption showed same trend as phosphorus retention and varied from 42% 
for FM50 to 74% for HPDDG10 and HPDDG20. 
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Phosphorus waste output was significant higher in feces from fish fed without the enzyme 
complex than in fish fed diets without enzyme supplementation. 
4. Discussion 
The current study investigated the effects of low fishmeal; high plant protein diets 
supplemented with the enzyme complex for juvenile red bream on growth performance 
and phosphorus digestibility. 
The positive effect of HPDDG on growth performance of red sea bream in the present 
experiment is consistent with previous work with HPDDG in rainbow trout (Barnes et al., 
2012).  They reported similar trend of growth performance for fish fed a diet with 20% 
HPDDG compared to fish fed FM control diet.  The inclusion of up to 20% dietary 
HPDDG with no negative effects on growth performances of fish in our study is in 
agreement with the finding of Barnes et al (2012) who showed that 20% of HPDDG could 
be included in the diet of rainbow trout without affecting WG. Same results were 
obtained when conventional DDGS was incorporated in rainbow trout (Cheng and Hardy., 
2010), tilapia (Shawn et al., 2004). 
Inclusion of 10%HPDDG in low FM diet resulted in significantly lower phosphorus 
absorption, however, the enzyme complex supplementation in diet HPDDG10+E 
significantly improved the phosphorus absorption by 14.5%. Improvement of phosphorus 
68 
 
absorption by enzyme complex supplementation has been reported in our previous study. 
This may be attributed to presence of phytase in the enzyme complex. 
The enzyme complex coupled with 20% HPDDG inclusion proved very efficient in this 
study, improving the WG from 63 to 71g and phosphorus digestibility from 67 to 78 %. 
Phosphorus retention showed also same trend of phosphorus absorption and increased 
from 35 to 51 %. The efficacy and positive of enzymes inclusion in fish diets has been 
proved in previous studies with red sea bream (Biswas et al., 2007) and rainbow trout 
(Johanne et al., 2009). 
HPDDG inclusion level had significant effects on WG, FCR and SGR (P< 0.05). The 
group of fish fed HPDDG20 had lower FCR than those fed HPDDG10. This finding is 
similar with the study reported by Cheng and Hardy (2004) with conventional DDGS and 
by Barnes et al (2012) with HPDDG who proved that increasing the inclusion of DDGS 
or HPDDG increased the growth of fish. This is may be attributed to the fact that amino 
acids in low fish meal diet and 20% HPDDG complement each other and provide an 
optimum amino acid profile for fish growth (Chang and hardy., 2004). 
The digestibility of P in HPDDG10 and HPDDG20 is higher than in HPDDG0 because 
the corn fermentation reduces the amount of P that is bound to the phytate complex 
(Widmer et al., 2007, Almeida and stein 2010) 
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The results of the present study demonstrates that the inclusion of HPDDG with the 
enzyme complex supplementation can replace dietary FM protein up to 60 % without 
negative effects on weight gain or feed utilizations of juvenile (10-76g) red sea bream. 
Reduction in phosphorus discharge in water by fish fed HPDDG dietary might prove 
that a significant part of FM can be replaced by HPDDG supplemented with enzyme 
complex for low pollution diets, without compromising weight gain, feed utilization or 
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Appendix for Chapter 4 
Table 1 Composition of the main protein source (%) 
 
Ingredients  FM CGM HPDDG 
Dry matter 91.7 20 94.6 
Protein 67.3 18 46.7 
Fat 10.4 22 2.4 
Lysine 5.3 1.1 1.02 
Methionine 1.9 1.9 0.7 
Threonine 2.9 1.4 1.7 
Isoleucine  2.9- 1.2 1.3 
Leucine  0.9 3.9 
Valine 3.5 2.7 1.6 
Phenylalanine 2.7 3.8 1.7 
Arginine 4.2 1.9 1.7 











Table 2 Composition of experimental diets (%) 
Ingredients  FM50 DDG0 DDG10 DDG10+E DDG 20 DDG20+E 
Anchovy meal 50 20 20 20 20 20 
Soybean meal 0 18 18 18 18 18 
Corn gluten meal 3 22 15 15 10 10 
Wheat flour 18 12 12 12 5 5 
HPDDG 0 0 10 10 20 20 
Fish oil 5  7.4  7.4 7.4  7.4 7.4 
Soybean oil 5.5 5 4 4 3.3 3.3 
Taurine  - 0.2 0.2  0.2 0.2 0.2 
Enzyme complex - - - 0.05 - 0.05 
Pregelatinized starch 5 5 3 3 5 5 
Cellulose 7.9 4.8 4.8 4.75 5.5 5.45 
Others* 5.6 5.6 5.6 5.6 5.6 5.6 
 
Others (%): vitamin premixturea⁎3, choline chloride 0.5, vitamin E (50%) 1, mineral 
mixtureb* 1, monocalcium phosphate 1.  
a*Vitamin premix composition (unit.kg-1): vitamin A, 2,420,000 IU; vitamin E, 1,000 mg; 
vitamin D3, 2,420,000 IU; vitamin K3, 6,050 mg; thiamine, 3,025 mg; riboflavin, 3,630 
mg; pyridoxine, 2,420 mg; cyanocobalamine, 6.0 mg; L-ascorbic acid, 368,902 mg; 
nicotinic acid, 24,200 mg; D-pantothenic acid, 6,050 mg; inositol, 121,000 mg; d-biotin, 
363 mg; folic acid, 908 mg; para-aminobenzoic acid, 3,025 mg; choline chloride, 5,000 
mg 
b*Mineral premix composition (%): sodium chloride, 5.0; magnesium sulfate, 74.5; iron 
(III) citrate n-hydrate, 12.5; trace element mix, 5.0; cellulose, 3.0. (The trace element 
mixture contains (%): zinc sulfate heptahydrate, 35.3; manganese sulfate, 16.2; copper 
(II) sulfate pentahydrate, 3.1; aluminium chloride hexahydrate, 1.0; cobalt chloride, 0.3; 





Table 3 Proximate and phosphorus composition of experimental diets  
 
Diet code FM50 FM20 DDG 10 DDG 10 +E DDG 20 DDG 20 + E 
Moisture % 6.4 4,44 4 4,5 4,3 4 
Crude ash % 9.37 5.81 6.07 6.21 6.31 6.37 
crude protein  40.8 40.6 40.8 41 41 41.5 
Crude lipid % 14.4 15.6 15.8 15.8 14.8 14.9 
















Table 4 Growth and feed performance of red sea bream cultured for 12 weeks* 
 
*Values in a column not sharing the same letters are significantly different (P < 0.05). 
1Specific growth rate = 100 × (ln final body weight − ln initial body weight) / days. 







 FBW(g) WG(g) SGR1(%day) FCR2(feedgain-1) FI (g)a 
FM50 76.4a 66.3a 2.4a 1.3a 86.3a 
FM20 62.9bc 52.2bc 2.1bc 1.48c 77.2b 
DDG10 58.4c 47.7c 2.0c 1.59d 75.7b 
DDG10+E 66.9abc 56.2bc 2.2bc 1.31a 73.7b 
DDG20 65bc 54.3bc 2.2bc 1.43bc 77.9ab 





Table 5 Whole body composition (%) 
 
 Moisture % Lipid % Protein % Ash % P(mg/g)* 
FM 50 69.6 9.6 17.3 4.3 6.89 
FM20 68.5 9.9 17.7 3.8 4.96 
DDG10 68.8 8.9 17.6 3.9 4.38 
DDG10+ E 69.1 8.7 17.5 3.9 5.41 
DDG20 68.5 8.9 17.9 4.2 4.96 
DDG20+E 67.1 8.8 18 4.2 6.76 
 













Table 6  Phosphorus budget 
 
Diet P loading (Kg/T) Retention P absorption 
FM50 11.50b 38.56ab 41.64c 
FM20 9.30ab 35.01ab 67.50ab 
DDG10 11.92b 26.40b 73.43a 
DDG10+E 7.97ab 40.94ab 78.26a 
DDG20 9.69ab 33.86ab 54.98bc 















Chapter 5: Effects of dietary corn protein concentrate (CPC) on growth 
responses of juvenile red sea bream (Pagrus major) 
 
Abstract 
This feeding experiment was conducted to evaluate the growth performance, body 
composition and mineral availability of red sea bream fed low fish meal diet containing 
CPC. 
FM based diet (FM50) containing 50% fish meal was arranged as control diet. Diet CPC0, 
CPC7.5 and CPC15 containing 20 % of FM was formulated with defatted soybean meal 
and corn gluten meal and supplemented with phytase. In diets CPC 7.5 and CPC 15, corn 
gluten meal was replaced with 7.5% and 15% CPC. Phytase (1000 FTU) and 0.2% 
taurine were also supplemented to all experimental diets except FM50. These diets were 
fed to juvenile red sea bream (average body weight: 4g) for 12 weeks and growth 
performance were compared to that of fish meal based diet. Growth was lowest in the fish 
fed negative control FM 20 diet and highest in the control diet FM50. Fish fed the CPC 
7.5 diet showed better growth performance than fish fed FM 20 diet. Increasing level of 
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CPC to 15 % significantly enhanced growth performances of fish, but not comparable to 
that fed FM50 diet. Feed intake showed significant improvement when CPC inclusion in 
diet is 15 %. The result of the present study suggested that CPC might be good ingredient 
for protein source and replaceable for corn gluten meal in diets for red sea bream, but 

















Fish meal is usually the main or the only protein source in carnivorous marine fish feed, 
due to its high nutritional value and palatability (Tacon 1994). However, the increasing 
demand, price and fluctuations of supply in the world market of this commodity 
emphasize the need to reduce its incorporation in feeds. The recent restrictions on the 
use of rendered animal proteins in animal feeding within a number of countries 
strengthen the importance of using plant protein sources in the diets. However, due to 
the high protein requirements of fish, particularly carnivorous species, alternative 
protein sources to be considered are restricted to a few ingredients with high-protein 
content, high digestibility and readily acceptable by the fish (Hardy 1996; Sargent and 
Tacon 1999). 
Among plant protein sources by far the most commonly used ingredient is soybean meal, 
due to its ready market availability, high nutritional value and low cost (Carter and 
Hauler 2000). Several grain legumes have also been tested as alternative protein sources 
for fish; however, their relatively low-protein content limits its incorporation level to 
20–30% of the dietary protein (Robaina et al., 1995; Carter and Hauler 2000; Gouveia 
and Davies 1998, 2000).  
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In order to achieve higher incorporation levels commodities with high-protein content 
should be used. Corn protein concentrate (CPC) is the dried proteinaceous fraction of 
the corn primarily originating from the endosperm after removal of the majority of the 
non-protein components by enzymatic solublization of the protein stream obtained from 
the wet-mill process. Besides its high-protein content, corn gluten meal is low in fiber, 
has no antinutritional factors and, but lysine and methionine are not sufficient in 
indispensable amino acid profile. 
The aim of the present study was to evaluate the use of corn gluten meal to replace corn 
gluten meal in low fish meal diet for juvenile red sea bream Pagrus major. 
Materials and methods 
Feed formulation 
Four test diets of equivalent protein content were prepared for this study (Table 1). 
Anchovy meal was the main protein source (50%) for the control diet (FM50). Diets 
CPC0, CPC7.5 and CPC15 were formulated to contain 20% fishmeal. CPC0 was 
designated as the negative control diet. In diet CPC 7.5 and CPC15, CPC was introduced 
to the diet at both levels 7.5 and 15 % respectively. 1000 FTU/ kg diet of phytase was 
supplemented in CPC, CPC7.5 and CPC15 
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In order to prepare diets, ingredients were mixed for 30 min in a food mixer (ACM-50 
L1.AT, Aikohsha mfg., Tokyo, Japan). Then, Pollock liver oil was added and mixed for 
15 min. Finally, deionized water (30% of the dry weight of ingredients) was added and 
again mixed for 15 min prior to pelletizing (OMC-22B; Ohmichi Sangyo., Tokyo, Japan). 
Pellets were dried in a vacuum freeze drier (REL-206, Kyowa Vacuum Tech. Co. Ltd., 
Tokyo, Japan) to obtain approximately  5% moisture level. After preparation, diets were 
stored in a cold room (5°C) until use. 
Culture conditions, fish and feeding  
Experimental protocols followed the ethical standards of animal use for scientific 
research approved by the Science Council of Japan.. Red sea bream (average weight 14.3 
g) were obtained from a local Japanese fish farm, counted into groups of 30 fish per tank, 
and placed in 8 tanks (60 L) supplied with artificial seawater (30 ppm), with two tanks 
assigned to each diet. The feeding trial was conducted using re-circulated artificial 
seawater (Sea Life®, Tokyo, Japan) at a flow rate of 700-800ml min-1. The average daily 
water temperature was 26 ± 1.13°C. The fish were fed three times a day near satiation for 
12 weeks. 
Sample collection and chemical analyses 
A pooled sample of 20 fish at the beginning of the experiment was stored at −20 °C for 
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whole body analyses. At the end of the feeding trial fish were anesthetized and then, 
individual body weights of fish from each tank were recorded. Five fish from each 
replicate tank were randomly collected, pooled and minced by a centrifugal mill (Retsch 
ZM 2000, Retsch GmbH, Haan, Germany) fitted with a 0.25-mm screen. The 
homogenate was stored at −20 °C for final whole body analysis. 
Analyses of crude protein, moisture and ash were determined by standard methods 
(AOAC 1995). Total lipids were extracted from samples using a mixture of chloroform 
and methanol (2:1) and determined as described by Folch et al. (1957).The digestion of 
the samples for mineral analyses was conducted with nitric acid using the MLS-1200 
Mega Microwave (Milestone, Sorisole, Italy).Phosphorus concentration was analyzed 
using a spectrophotometer (UV-256, Shimadzu Corp., Kyoto, Japan) at a wavelength of 
750 nm.  
Statistical analysis 
Results were analyzed by one-way ANOVA (Systat 8.0, SPSS, Chicago, USA). 
Differences between treatments were compared by Tukey’s test. Values were considered 
significant at P<0.05. 
Result 
The growth performance results of this experiment are shown in Table 2. Fish fed CPC 
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had significantly reduced feed intakes and growth rates compared to fish fed FM50 diet 
(P<0.05). However, FCR value was not significantly different between CPC7.5 and 
FM50. The weight gain ranged from 39 to 52g. There is a trend of increasing FBW, SGR 
and FI as elevation of CPC level in the diet (Table2). However, in CPC15 diet FCR was 
significantly worse than that of fish fed CPC7.5. PER, N retention (% N intake) showed a 
trend to improve when CPC was introduced at 7.5 % to the diet. 
Concerning whole body composition, there was no significant difference between whole 
bodies of fish fed different diets (Table3). 
Whole body phosphorus content was not different among treatments in diet CPC0. 
Phytase seemed to be effective in diet with CGM, and phosphorus excretion was 
significantly lower than fish fed FM50. Phosphorus retention seems to be improved with 
the increase level of CPC in diet (Fig 1). 
Discussion  
Partial replacement of fish meal by alternative plant protein sources has been successfully 
assayed in red sea bream, although fish performance has been generally inversely related 
to inclusion level of test diet ingredient (Takagi et al., 1999, 2001; Biswas et al., 2007).  
In the present work, no significant differences in the FI and SGR between fish fed CPC15 
diet and that fed FM50 diet suggested that CPC could replace the FM up to 30% in red sea 
86 
 
bream diet. No differences in the growth rate and feed efficiency were noticed with the 
replacement of CGM by CPC up to a level of 100%.  
However, nitrogen excretion was significantly higher at CPC15 than fish fed CPC0. In 
the present trial protein retention was not significantly lower in CPC15 than in CPC0 and 
was not significantly different between CPC0 and CPC7.5. Therefore N excretion has 
increased with the dietary CPC inclusion level. At the highest replacement level testes 
(CPC15), there was a significant decrease in of protein utilization, and this was most 
likely due to the dietary amino acid imbalance. Indeed, lysine and methionine are the 
limiting amino acids in corn products, this being reflected in the amino acid profile of the 
experimental diet and in fish performances.  
Corn gluten meal replaced 40% dietary fish meal protein in rainbow trout (Morales et al. 
1994) and 35% in European sea bass (Ballestrazzi et al. 1994) with no negative effects on 
fish performance. In Japanese flounder, similar results were observed, provided the diets 
were supplemented with arginine, lysine and tryptophan (Kikuchi 1999). Also in rainbow 
trout, lysine supplementation to diets including wheat gluten improved growth 
performance, allowing wheat gluten to supply approximately 50% of the dietary protein 
(Davies et al., 1997).  In juvenile red sea bream (Pagrus major), Takagi et al. (1999) 
reported that 50% FM protein could be replaced with soy protein concentrate (SPC) 
87 
 
without affecting growth performance. Although SPC has a balanced amino acid 
composition, sulfur amino acids especially methionine and lysine, are the limiting 
factors.  
The addition of phytase to the experimental diets with low FM enhances the whole body 
phosphorus content and phosphorus retention in fish fed CPC0and, therefore, reducing 
phosphorus excretion to the environment. However, replacement of CGM by CPC 
decreases phosphorus retention with its inclusion level. This could be due to the low level 
of phytic acid in the CPC, hence the effect of phytase is lower with CPC than with CGM.  
In conclusion, the result of the present study suggested that CPC might be good 
ingredient for protein source and replaceable for corn gluten meal and 30% of FM in diets 
for red sea bream. Supplementation of the diet with the limiting amino acids may allow a 
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Appendix for Chapter 5 
Table 1: Formulation and proximate composition of the experimental diet  
 
 FM 50 CPC 0 CPC 7.5 CPC 15 
Anchovy meal 50 20 20 20 
SBM 0 18 18 18 
CGM 5 15 7.5 0 
CPC 0 0 7.5 15 
Wheat flour 17 19 19 19 
Starch 5 5 5 5 
Fish oil 5 7.4 7.4 7.4 
soybean oil 7.4 5 5 5 
Vit Mix 3 3 3 3 
Choline 
chloride 
0.5 0.5 0.5 0.5 
Vit E 0.1 0.1 0.1 0.1 
Mineral Mix 1 1 1 1 
Ca (H2PO4)2 1 1 1 1 
Taurine 0 0.2 0.2 0.2 
Cellulose 5 4.78 4.78 4.78 
phytase 0 1000 IU 1000 IU 1000 IU 
Proximate composition 
Protein  39.8 39.6 39.9 42.1 
Lipid 15.8 15.8 15.8 15.8 
Ash  9 5.8   
Phosphorus 1.5 0.97 0.91 0.93 
Moisture 5 5.1 5.3 5.3 
Lysine 2.17 1.83 1.50 1.44 





Table 2: Growth performance of red sea bream after 12 weeks  
 
 
Diet  FBW SGR WG FI FCR PER Nret 
FM 50 55.92a 3.08a 51.70a 56.26a 1.09a 2.30891393 37.74 
CPC 0 43.65c 2.69b 39.10c 48.28b 1.23b 2.04509888 34.33 
CPC 7.5 47.30bc 2.78b 42.73bc 49.67b 1.16ab 2.1560848 35.0 

















Table 3: Whole body proximate composition after 12 weeks (% Wet matter) 
 
 
Mois  Lipid  Protein  Ash  P 
FM50 70.05 8.89 16.46 4.09 0.61 
FM20 69.78 10.43 16.90 4.17 0.69 
CPC 7.5 70.16 9.80 16.37 3.71 0.55 





























































FM50 CPC 0 CPC 7.5 CPC 15
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Chapter 6: Apparent digestibility coefficients of HPDDG and CPC for 
juvenile red sea bream Pagrus major 
 
Abstract 
Apparent digestibility coefficients of dry matter, crude protein, and amino acids in high 
protein dried distiller’s grain (HPDDG) and corn protein concentrate (CPC) were 
determined with juvenile red sea bream Pagrus major. Apparent digestibility coefficients 
were determined using a reference diet with chromic oxide inert indicator and test diets 
that contained 70% reference diet by weight, and 30% of feed ingredient being evaluated. 
The juvenile red sea bream averaging 15g were held in 60L tanks at a density of 30 fish 
per tank. Faeces were collected from duplicate groups of fish using a faecal collection 
column attached to fish rearing tank. Apparent dry matter digestibility of test ingredients 
did not show a significant difference between the corn co-products. Apparent protein 
digestibility of HPDDG and CPC ranged between 91% and 84% respectively and was 
significantly higher in HPDDG (P<0.05). Apparent digestibility of amino acids followed 
same trend as protein digestibility and HPDDG showed higher in amino acids than CPC 
(P<0.05). These data provide more accurate information concerning nutrients utilization 
of red sea bream and might allow ingredients substitutions in practical diet based on 
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Fish meal (FM) is still the most important protein source for aquaculture industry, but this 
is a limited food resource and there is serious concern on the long-term availability of this 
feedstuff for use in fish diets (Hardy, 1996; Sargent and Tacon, 1999; Forde-Skjaervik, 
2006). Thus, for the continued development of aquaculture on the basis of sustainable and 
renewable food resources, basic knowledge on the digestibility of alternative protein 
sources is needed. Given that plant feedstuffs are readily available, they have received 
most attention over the past years (Kaushik, 1990; Tacon, 1994). 
Nutrients present in the feedstuffs are not completely available to the animal body. Large 
portions of the nutrients are excreted in the feces because of being not digested in the 
alimentary tract. Therefore, the digestibility of the feedstuff is defined as the portion of a 
feed or nutrient of feed which is not recovered in feces (Paulraj et al., 1982). In the 
presence of incomplete information of various feedstuffs for red sea bream, there was 
need to determine the nutrient digestibility and amino acid availability of corn 
co-products. Therefore, present study was conducted to provide information on 
digestibility of CPC and HPDDG for red sea bream.  
Materials and methods 
Ingredients, diet formulation and preparation 
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The dietary treatments consisted of a reference diet based on high-quality fish meal 
(FM50) (Table 1). Test ingredients for apparent digestibility were HPDDG and CPC. 
Two test diets were formulated using 70% reference diet and 30% of each of the test 
ingredients as described by Cho and Linger (1979). Proximate and amino acid 
composition of the test ingredients and diets are shown in Tables 2 and 3, respectively. 
Chromic oxide (Wako Pure Chemical Industries, Ltd., Osaka, Japan) was used as an inert 
marker at a concentration of 1% in reference diet and 0.7% of reference diet. Diets were 
mechanically mixed with deionizer water (30 g/100 g diet mix), pelleted, freeze dried and 
stored at 4°C. The TUF (Tokyo University of Fisheries) column system was used for 
feces collection (Satoh et al., 1992). After the last feeding, uneaten feed was siphoned out 
and the feces collector was installed an hour later. Feces were freeze-dried and kept at 
-20 °C until analysis. Concentration of chromium oxide in diets and feces was determined 
according to Furukawa and Tsukahara (1966). 
Pooled faecal samples were dried in a vacuum freeze dryer (REL 206 model, Kyowa, 
Tokyo, Japan) for 18 h and kept at - 35 °C until analyzed. The ADC of nutrients was 
determined using the method described by Satoh et al. (1987) and Cho et al. (1985). ADC 
for HPDDG and CPC were calculated using the following formulae: 
Apparent digestibility coefficient (ADC, %) =100 – {100 × (% Cr2O3 in diet / % 
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Cr2O3 in faeces) × (% nutrient in faeces / % nutrient in diet)} 
ADC test ingredient = ADC test diet + {(ADC test diet – ADC reference diet) × (0.7 × D reference / 0.3 
× D ingredient)} 
Where: D
 reference = % nutrient of reference diet; D ingredient = % nutrient of test ingredient 
Experimental condition, fish and feeding  
Experimental protocols followed the ethical standard for animal use for scientific 
research approved by Science Council of Japan. Red sea bream (average weight 16 g) 
were obtained from a local Japanese fish farm, counted into groups of 30 fish per tank, 
and placed in 6 tanks (60 L) supplied with artificial seawater (30 ppm), with two tanks 
assigned to each diet. The feeding trial was conducted in re-circulated artificial seawater 
(Sea Life®, Tokyo, Japan) at a flow rate of 700-800 ml min-1. Average daily water 
temperature was 27 ± 1°C. The fish were fed three times a day near satiation for 3 weeks. 
Analytical methods 
The digestion of the samples for mineral analyses was conducted with nitric acid using 
the MLS-1200 Mega Microwave (Milestone, Sorisole, Italy). Phosphorus concentration 
was analyzed using a spectrophotometer (UV-256, Shimadzu Corp., Kyoto, Japan) at a 
wavelength of 750 nm. Chromic oxide was measured at 350 nm by using a 
spectrophotometer (UV 2550 model, Shimadzu, Kyoto, Japan). 
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For amino acids analysis the samples of ingredients, diets and feces were hydrolyzed with 
4 M methane sulfonic acid (Sigma–Aldrich, Missouri, US) and amino acid content was 
determined by using an automatic amino acid analyzer (JLC 500/v model, JEOL, Tokyo, 
Japan). 
Statistical analysis 
Results were analyzed using one-way ANOVA (Systat 8.0, SPSS, Chicago, USA). 
Differences between treatments were compared by Duncan test. Values were considered 
significant at P<0.05. 
Results 
HPDDG and CPC showed high digestibility of dry matter (>70%), protein and amino 
acids (>80%) (Table4). Phosphorus digestibility was not significantly different between 
HPDDG and CPC but significantly higher than FM (P<0.05) (Table4). Protein 
digestibility was significantly higher in HPDDG than in CPC (P<0.05) (Table4).  
Apparent amino acid digestibility coefficients of test ingredients for red sea bream are 
shown in table 5. Apparent amino acid digestibility of the test ingredients for red sea 
bream followed similar trend to values of protein digestibility (HPDDG>90% and 
CPC>80%). Apparent digestibility of lysine was lower in CPC and HPDDG compared to 
FM50 (P<0.05). Except lysine, amino acid digestibility of HPDDG was higher than FM 
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(Table 5).  
Contrarily to the HPDDG, apparent digestibility of protein and amino acid in CPC were 
significantly lower than FM (Tables 4 and 5) (P<0.05). 
Significant differences were detected for apparent amino acid and protein digestibility 
between the HPDDG and CPC (Table 5) showing that HPDDG is a better source of 
protein and amino acid than CPC for red sea bream. Fish fed the HPDDG diets did not 
reveal the reduction in protein digestibility as observed in the fish fed the CPC diet. 
Discussion 
Given the global needs for fish meal for aquaculture, there is an increasing demand for 
alternative protein sources in aquafeed. The higher protein content and digestibility in 
the CPC and HPDDG containing make them suitable in red sea bream feeds that are 
typically formulated to contain high levels of protein. The determination of nutrient 
digestibility is very useful for evaluating the potential of an ingredient for use in the diet 
of an aquaculture species (Allan et al. 2000). The digestibility coefficients of feed 
ingredients provide insight concerning nutrient utilization and should enable more 
accurate ingredient substitutions in diets designed for target fish species. The nutrients 
digestibility will vary depending on the composition of ingredients used. It has been 
reported that carnivorous fish tend to utilize the dry matter and energy in animal 
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products better than that in plant products (Cho et al., 1982; Bergot and Breque, 1983; 
Sullivan and Reigh, 1995). However, HPDDG and CPC showed high digestibility of dry 
matter (>70%), protein (>90%). High protein digestibility for red sea bream might be 
related to high protein content and low carbohydrate of ingredients. Protein from fish 
meal was well digested by most carnivorous fish (Wilson and Poe, 1985; Mc Googan 
and Reigh, 1996; Sugiura et al., 1998), this is consistent with results of this study. The 
protein of HPDDG and CPC was well digested in this study, this indicates that each of 
these ingredients can be used efficiently as a partial protein source for red sea bream 
diets.  
In the present study, digestibility coefficients of dry matter, crude protein, as well as 
EAAs of fish in HPDDG group were significantly higher than that of fish fed CPC diets 
and may also explain differences in growth performance and feed utilization efficiency 
observed in previous chapters when compared to fish fed FM diet.  
However, HPDDG and CPC have a low content and digestibility of lysine compared 
with FM, this indicates that supplemental lysine may be advantageous when using CPC 
or DDG in diets for red sea bream, especially when used at high inclusion levels in the 
diet. 
Any imbalance in EAAs composition in plant diets could evidently reduced protein 
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digestibility. Also, some anti nutritional factors such as phytic acid, although small, 
existed in corn co-products, which may have negative effect on intestinal mucosa and 
affect protein digestibility (Francis et al. 2001; Riche et al. 2001; Heindl et al. 2004; 
Phromkunthong et al. 2004; Liebert and Portz 2005). However, in the current study, 
improvement of ADC protein may be attributed to the well balanced amino acid in CPC 
and HPDDG.  
The positive effect on protein and amino acid digestibility of HPDDG and CPC indicate 
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Appendix for Chapter 6 
Table 1 








Ingredients  Percentage 
Anchovy meal 50 
Corn gluten meal 3 
Wheat flour 18 
Fish oil 5 
Soybean oil 5.5 
Pregelatinized starch 5 
Cellulose 7.9 
Vitamin mixture 3 
Mineral mixture 1 
Vitamin E 0.1 
Choline chloride 0.5 
monocalcium phosphate 1 












 FM HPDDG CPC 
Proximate analysis (% in dry matter) 
Dry matter 92 94 90 
Crude protein  68.3 45.7 76 
Crude lipid 9.4 3 4.5 
P 2.4 0.37 0.31 
Amino acid (g/100g DM) 
Thr 2.83 1.01 0.81 
Val 2.09 0.55 0.86 
Met 1.86 0.49 0.82 
Ile 1.71 0.67 0.91 
Leu 4.64 2.71 0.93 
Phe 2.60 1.34 0.86 
His 2.5 0.55 0.89 
Lys 5.26 1.17 0.97 
Trp 0.86 0.47 ND 






Proximate and amino acids composition of the reference and test diets fed to 






 FM50 HPDDG CPC 
Proximate analysis (% in dry matter) 
Dry matter 5 5 5 
Crude protein  39 41 51 
Crude lipid 14.8   
P 1.48 1.1 0.97 
Amino acid (g/100g DM) 
Thr 1.39 1.35 1.40 
Val 1.31 1.31 1.33 
Met 0.84 0.70 0.88 
Ile 1.02 1.00 1.10 
Leu 2.66 2.92 4.53 
Phe 1.58 1.61 2.14 
His 0.86 0.74 0.72 
Lys 2.71 2.24 1.92 
Trp ND ND ND 






Apparent digestibility coefficients (%) for dry matter, crude protein and phosphorus of 


























 Dry matter Protein Phosphorus 
FM50  74.86 90.10 51.33 
HPDDG 70.49 91.77 73.90 



























 FM50 HPDDG CPC 
Thr 88.69 90.48 84.93 
Val 86.95 89.21 80.94 
Met 93.54 93.84 87.94 
Ile 83.25 85.59 80.00 
Leu 88.57 91.22 81.25 
His 93.48 94.43 88.63 
Phe 88.34 91.58 82.38 
Lys 93.13 91.80 91.63 
Arg 94.26 94.97 89.81 
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Chapter 7: Evaluation of corn protein concentrate (CPC) and high 
protein DDG as a replacement for corn gluten meal (CGM) in practical 
diets of juvenile red sea bream (Pagrus major) 
 
Abstract  
A 8 week feeding trial was conducted to evaluate high protein dried distillers grains 
(HPDDG) and corn protein concentrate (CPC) as an alternative protein source to corn 
gluten meal (CGM) in low fish meal diets for juvenile red sea bream Pagrus major.   
The experimental diets were formulated to contain only 20% fishmeal and to have 45%, 
20%, 10% and 0% CGM. Lysine was supplemented in all diets at the level of 0.8% and 
taurine was also supplemented at the level f 0.2%. 
At the end of the growth trial only the diet without CGM exhibited significantly reduced 
growth and feed efficiency compared with the diet containing 10% CGM. This was most 
likely due to a dietary amino acid deficiency in that diet. A trend was noticed for feed 
efficiency to improve when CPC and HPDDG were respectively introduced at the levels 
of 15 and 20%. 
The results of this study indicate that 78% of CGM could be replaced by HPDDG and 




Fish meal (FM) constitutes the major dietary protein source in commercial feeds 
formulated for aquatic animals because it offers a balanced source of essential amino 
acids (EAAs), essential fatty acids, vitamins, minerals and generally enhances 
palatability (Muzinic et al. 2009). However, the increasing demand for FM from the 
expanding global aquaculture industry, coupled with unstable supply has inflated the 
price of FM. Thus, finding alternative protein sources for FM in the diet, either partially 
or complete, included terrestrial plant meals, has become the focus of research from the 
view point of producing a stable supply of commercial diets at a reduced price (Bureau et 
al. 1999; Tacon & Metian 2008; Hardy 2010).  
Among plant proteins sources, corn gluten meal to be a good protein source for some fish 
species, it was found to be a suitable protein source in Nile tilapia(Oreochromis niloticus) 
diets if the proper amino acid balance was maintained (Wu et al., 1995). It was found 
highly digestible by Nile tilapia and the digestion coefficients were comparable to fish 
meal protein (Koprucu & Ozdemir, 2005). The growth of tilapia fingerlings fed on corn 
gluten meal-based diet as protein source was better than of the fish fed on fish meal-based 
diet (Tudor et al., 1996). 
Corn protein concentrate (CPC) is the dried proteinaceous fraction of the corn primarily 
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originating from the endosperm after removal of the majority of the non-protein 
components by enzymatic solubilization of the protein stream obtained from the wet-mill 
process. 
High protein dried distiller’s grain (HPDDG), a by-product from yeast fermentation of 
grain for ethanol production and has a relatively high content of protein and a little 
anti-nutritional factors. Furthermore, it is palatable to fish and cheaper than soybean meal 
and other protein sources per unit on protein basis (Glencross et al. 2007).  
The objective of this study is to evaluate the use of CPC and HPDDG for substitution of 
CGM in the diet of juvenile red sea bream. 
Materials and methods 
2. 1. Dietary protein ingredients 
Four diets of equivalent protein content were prepared for this study (Table 1). Diets 
CGM 45, CGM 20, CGM 10 and CGM 0 were formulated to contain 20% fishmeal and 
supplemented with 0.8% lysine and 0.2% taurine. CGM was designated as the control 
diet. In CGM 20, CGM 10 and CGM 0, CGM was replaced by (CPC: DDG) respectively 
at following levels (10%:15%), (15%:20%) and (20%:25%). 
In order to prepare diets, ingredients were mixed for 30 min in a food mixer (ACM-50 
L1.AT, Aikohsha mfg., Tokyo, Japan). Then, pollock liver oil was added and mixed for 
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15 min. Finally, deionized water (30% of the dry weight of ingredients) was added and 
again mixed for 15 min prior to pelletizing. Pellets were dried in a vacuum freeze drier 
(REL-206, Kyowa vacuum tech. Co. Ltd., Tokyo, Japan) to obtain approximately a 5% 
moisture level. After preparation, diets were stored in a cold room (5°C) until use. 
2. 2. Culture conditions, fish and feeding  
   Experimental protocols followed the ethical standards of animal use for scientific 
research approved by the Science Council of Japan. Red sea bream (average weight 8.1 g) 
were obtained from a local Japanese fish farm, counted into groups of 30 fish per tank, 
and placed in 8 tanks (60 L) supplied with artificial seawater (30 ppm), with two tanks 
assigned to each diet. The feeding trial was conducted using re-circulated artificial 
seawater (Sea Life®, Tokyo, Japan) at a flow rate of 700-800 ml min-1. The average 
daily water temperature was 27 ± 1°C. The fish were fed three times a day near satiation 
for 8 weeks. 
2. 3. Sample collection and chemical analyses 
    Analyses of crude protein, moisture and ash were determined by standard methods 
(AOAC, 1995). Total lipids were extracted from samples using chloroform: methanol 
(2:1) and determined as described by Folch et al. (1957). The digestion of the samples for 
mineral analyses was conducted with nitric acid using the MLS-1200 Mega Microwave 
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(Milestone, Sorisole, Italy). Phosphorus concentration was analyzed using a 
spectrophotometer (UV-256, Shimadzu Corp., Kyoto, Japan) at a wavelength of 750 nm.  
2. 4. Statistical analysis 
   Results were analyzed using one-way ANOVA and (Systat 8.0, SPSS, Chicago, USA). 
Differences between treatments were compared by Duncan test. Values were considered 
significant at P<0.05. 
Results  
Significant differences in weight gain (WG), feed conversion rate (FCR) and specific 
growth (SGR) among treatments were observed at the end of a 8 week feeding trial in red 
sea bream fed the various diets (Fig 1 ). Growth performance of red sea bream in term of 
weight gain (WG), specific growth rate (SGR) and feed conversion rate (FCR) was 
significantly higher in group of fish fed CGM 10 (CPC15% and DDG20%). However, 
when CPC and DDG inclusion levels in the diet increased to respectively 20% and 25% , 
all the growth parameters (WG, FCR and SGR) were significantly lower than in all other 
groups of fish (P<0.05). 
Discussion 
Replacement of 40% dietary fish meal protein with corn gluten meal in rainbow trout 
(Morales et al., 1994) and 35% in European sea bass (Ballestrazi et al.1994) showed no  
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adverse effects on fish performance. When CGM diet was supplemented with amino 
acids (Lysine, arginnine), it could replace 20% of fish meal in turbot diet (Regost et al., 
1999). In the previous chapters, it was also observed that CGM with soybean meal and 
enzymes could replace 60% of fish meal protein in red sea bream diet without adverse 
effects on growth performances. The diminution of the CGM percentage to 0% in the test 
diet showed a significant reduction on the growth response (growth and feed 
performance), indicating that the protein sources used had an effect on feed intake or 
growth of red sea bream.  
In chapters 3 and 4 it was found out that the inclusion of DDG and CPC proteins could 
replace CGM at 20% and 15% respectively without adverse effects on the fish growth. 
DDG and CPC are cheaper than CGM and highly digestible protein for red sea bream 
(chapter 4), which make them good candidates for the inclusion in the diet of red sea 
bream on the behalf of CGM protein source. Online with the results of chapter 3 and 4, 
the results of this study showed that CGM protein could be replaced up to 78% by 20% 
DDG and 15% CPC without negative effects on growth of fish. However, a significant 
decrease on growth performance of red sea bream was observed when 100% of CGM was 
replaced by 25%DDG and 20% CPC.  
The use of plant protein sources is highly variable among fish species. In rainbow trout, 
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a total replacement of fish meal by means of soy protein concentrates (Kaushik et al., 
1995) or combinations of different protein sources (Watanabe et al., 1998) did not have 
adverse effects in growth and feed utilization. 
One reason for the poor result with plant protein-based diets is a deficient feeding 
activity and low palatability of diet, and data of the present study indicate that full 
replacement of CGM in the diet led to a progressive reduction in voluntary feed intake 
of juvenile red sea bream. Growth retardation at the 78% replacement of CGM, and 
final weight gain was decreased in CGM 45 and CGM 0 groups, respectively.  
It can be concluded that CPC and HPDDG are a promising new ingredients for the aqua 
feed industry that will allows the use of lower levels of fish meal in red sea bream diets. 
Formulating diet containing many protein ingredients at low inclusion rates might be a 
good way to replace FM in red sea bream diet. Supplementation of the diets with limiting 
amino acids and enzymes may allow a higher replacement level and this deserves to be 
further analysed. More research is needed for a further improvement in the use of these 
alternative protein sources in diets for the red sea bream. 
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Appendix for Chapter 7 
Table 1 Ingredient composition and proximate composition of the experimental diets  
 
 Ingredients  D1  D2  D3  D4 
Fishmeal 20  20  20  20  
Corn gluten meal 45  20  10  0  
CPC  0  10  15  20  
HPDDG  0  15  20  25  
Fish oil  7.4  7.4  7.4  7.4  








1  1  1  1  
Taurine  0.2  0.2  0.2  0.2  
Lysine  0.08  0.08  0.08  0.08  




































Chapter 8: General conclusion 
 
•Combined supplementation with enzyme complex and taurine in low fish meal diet has 
positive effect on phosphorus absorption and can help to reduce fish meal proportion in 
diet and phosphorus discharge. 
•Enzyme complex supplementation and HPDDG might help to reduce fish meal 
proportion in diet. 
•HPDDG is highly digestible by red sea bream.  
•Availability of HPDDG and CPC is higher than CGM for red sea bream Pagrus major. 
•Combined supplementation with enzyme complex and taurine in low fish meal based 
diet has positive effect on phosphorus absorption and can help to reduce fish meal 
proportion in diet and phosphorus discharge. 
•Enzyme complex supplementation to HPDDG might help to reduce fish meal proportion 
in diet. 
•HPDDG is highly digestible by red sea bream.  
•Availability of HPDDG and CPC is higher than CGM for red sea bream. 
 
